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INDUCED PRESSURE DISTRIBUTION OF A JET IN A CROSSFLOW

Richard L. Fearn™® and Robert P. Weston
Langley Research Center

SUMMARY

An experimental investigation of the turbulent flow of a subsonic round jet exhaust-
ing perpendicularly from a flat plate into a subsonic crosswind of the same temperature
has been conducted in the Langley V/STOL tunnel. The large test section of this tunnel
made it possible to use a jet with the relatively large diameter of 10.16 cm (4.00 in.).

. Pressures were measured on the flat plate at over 400 locations to provide a detailed
description of the static pressure distribution. Results are presented in tabular and
graphical forms for jet to crossflow velocity ratios ranging from 2 to 10, and compari-
sons are made with results of other experiments. The results indicate that the dominant
flow parameter affecting the pressure distributions is the ratio of jet to crossflow veloci-
ties. The distribution of turbulence on the plate also appears to be a function of velocity
ratio,

INTRODUCTION

In the transition between hover and wingborne flight, a significant part of the lift of
a VTOL aircraft is furnished by direct engine thrust. This injection of a high velocity jet
of air at almost right angles to the crossflow caused by the aircraft's forward motion pro-
duces a complicated flow field which affects the aerodynamic characteristics of the air-
craft. Several wind-tunnel tests have been conducted to measure these jet-induced effects
on the pressure loading and aerodynamic coefficients for specific aircraft configurations
(refs. 1 to 9).

In an attempt to describe in general the essential features of this complicated flow
field, many investigators have concentrated on a simplified version of the situation and
studied the turbulent flow of a subsonic round jet exhausting perpendicularly through a
large flat plate into a subsonic crossflow. Such a study has application to areas other than
V/STOL aerodynamics such as the process of cooling combustion gases in gas-turbine
combustors or the discharge of an effluent into a waterway. For several decades experi-
ments have been conducted on certain aspects of this jet in a crossflow problem, namely
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the path of the jets (refs. 10 to 16) and the pressure distribution on the flat plate (refs. 15
and 17 to 23). However, the pair of contrarotating vortices, which constitutes one of the
dominant features of the velocity field, has only recently received detailed attention
(refs. 15, 16, 24, and 25). Due to limitations in wind-tunnel size, most previous experi-
ments have been restricted to jets with rather small diameters of 0.6 to 2.5 cm (0.25 to
1.0 in.) to avoid wind-tunnel wall effects. An extensive bibliography for work done prior
‘to 1969 is given by R. J. Margason in reference 26.

An experimental investigation of the pressure and velocity fields associated with a
jet in a crossflow for flows of the same temperature was conducted in the Langley V/STOL
tunnel whose large test section made it feasible to use a jet with the relatively large diam-
eter of 10.16 cm (4.0 in.). The investigation included measurements of the pressure dis-
tribution on the flat plate and the velocity field in the jet and resulted in a quantitative
description of the pair of contrarotating vortices associated with the jet (ref. 25). The
measured pressure distributions on the flat plate are presented in this report in tabular
and graphical form for jet to crossflow velocity ratios ranging from 2 to 10.

A comparison of the results of the present experiment with those of a similar exper-
iment conducted at the Office National d' Etudes et de Recherches Aérospatiales (ONERA)
(refs. 21 and 22) is given also. This comparison is significant because the ONERA experi-
ment is the only other one to date which utilized a jet of comparable size and is included
herein because the results have heretofore received only limited distribution. Compari-
son is also made with the results of experiments using smaller jets (refs. 15, 17, 18, 20,
and 23).

SYMBOLS

Values are given both in SI Units and U.S. Customary Units. The measurements
and calculations were made in U.S. Customary Units.

A area of jet orifice, m2 (ft2)
Aj jet exit area corrected for nozzle boundary-layer thickness, m2 (ftz)
L P-P,
C pressure coefficient,
p d
Ep time average of Cp at a point
Cp fluctuations of Cp about its time-average value, Cp

D jet diameter, cm (in.)



X,Y

height of plate above tunnel floor in jet diameters

Mach number

mass flow rate in jet nozzle, kg/sec (slugs/sec)

Reynolds nqmber based on jet diameter and crossflow velocity
integer

static pressure, N/m2 (Ib/ft2)

total pressure in jet plenum, N/m2 (lb/ft2)

dynamic pressure, N/m2 (lb/ft2)

effective velocity ratio defined by equation (1)

gas constant, m-N/kg-K (ft-lb/slug-°R)

radial distance from origin of X,Y coordinate system, cm (in.)
temperature, K (OR)

velocity, m/sec (ft/sec)

coordinate system in plane of flat plate (see fig. 1(b))

ratio of specific heat at constant pressure to specific heat at constant
volume for a gas

angle measured from negative X-axis, degrees (see fig. 1)
kinematic viscosity, mz/sec (ftz/sec)
mass density, kg/m3 (slugs/ft3)

standard deviation of fluctuations in Cp



Subscripts:

j denotes static property of jet fluid at nozzle-exit plane

t denotes stagnation property of fluid in jet plenum

0 denotes static property of crossflow fluid
APPARATUS

This experiment was conducted in the Langley V/STOL wind tunnel which is a closed
return atmospheric tunnel with a test section 4.42 by 6.63 m (14.50 by 21.75 ft). Test-
section airspeeds for this investigation ranged from 23 to 66 m/sec (75 to 215 ft/sec), or
free-stream Mach numbers of 0.07 to 0.19. Jet Mach numbers ranged from 0.09 to 0.95.

The flat plate was originally constructed from a 1.22-m or 12D by 2.44-m or 24D
(4.0- by 8.0-ft) sheet of 1.91-cm (0.75-in.) plywood with an overlay of 1.59-mm-thick
(0.0625-in.) formica on the upper surface. A hole for the nozzle was centered midway
between the long sides of the plate and 6D aft of its leading edge. The plate was mounted
3D above the wind-tunnel floor to remove the plate from the tunnel boundary layer, which
was about 1.5D thick. In addition, boundary-layer suction could be applied to the tunnel
floor upstream of the plate to reduce the tunnel-boundary-layer thickness.

Four hundred and fifty-nine static pressure orifices were placed on the original flat
plate at selected intersections of ray and circles centered at the jet orifice as indicated in
figure 1(a). Each static pressure port was made of 1.02-mm (0.040-in.) inside diameter
stainless-steel thin-wall tubing mounted flush with the upper surface of the flat plate and
protruding several centimeters through the lower surface. Sheet metal fairing was used
on the underside of the plate to protect the static pressure leads and to streamline the

nozzle-plenum assembly.

The majority of the data presented in this report was taken using a 24D by 27D
plate resulting from front and side extensions to the original plate (fig. 1(b)) and with the
plate mounted 4.5D above the wind-tunnel floor. For both sizes of the flat plate, the lead-
ing edge was rounded with a radius of about 1.02 cm (0.40 in.) and a transition strip was
placed 3.8 cm (1.5 in.) aft of the leading edge.

The jet of air was formed by using a plenum chamber and a 20:1 convergent nozzle
(ref. 27) designed to provide a flat velocity profile at the 10.16-cm-diameter (4.00-in.)
nozzle exit. In order to measure the static pressure in the jet as close to the plane of
the plate as possible, a small ring (0.125D) was installed at the jet orifice with four static
pressure ports spaced equally around the inside surface of this jet exit ring 0.635 cm
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(0.25 in.) from the exit plane. When the plate was mounted 4.5D above the tunnel floor, a
constant diameter cylindrical extension was used to extend from the convergent nozzle to
the jet exit ring. Figure 2 is a sketch of the nozzle-plenum assembly with the extension
in place, and figure 3 is a photograph of the plate and jet orifice in the wind tunnel. Supply
air for the jet was heated so that the temperature at the jet orifice would be approximately
the same as that of the crossflow. A Venturi flowmeter in the air supply line was used to
measure the mass flow rate of the jet.

All pressures were measured with pressure transducers which were calibrated with
water or mercury manometers. The leads from the static pressure ports on the flat plate
and from the boundary-layer mouse, which was used to measure the boundary layer on the
flat plate, were connected by plastic tubing to 11 pressure scanning devices mounted on the
underside of the plate. Each device consisted of a single pressure transducer which could
be connected sequentially to each of 48 pressure tubes. The output of each pressure trans-
ducer was fed into a r.c. low pass filter to attenuate fluctuations in the transducer output
signal. One second after each static pressure port was connected to the pressure trans-
ducer, the signal from the filter was sampled and recorded on magnetic tape.

TEST PROCEDURES AND CONDITIONS

Jet-Nozzle Characteristics

Prior to the wind-tunnel test, the jet-nozzle characteristics were investigated with
no crossflow. A total pressure probe and a static pressure probe were used for surveys
in the nozzle-exit plane and in several parallel planes up to 20D from the exit plane.
These pressures were measured with water and with mercury manometers. The turbu-
lent boundary-layer displacement thickness of the jet at the nozzle-exit plane (without
extensions) was determined to be (2.8 + 0.5) X 10-3 D. Outside of the nozzle boundary
layer the exit-plane velocity profile was flat to within 0.5 percent of the velocity meas-
ured at the center of the jet. The jet core extended almost 6D from the exit plane. The
jet fluid at the exit had low turbulence, but once outside the jet core, fluid mixing created
large turbulence in the jet.

Test Conditions

The investigation of the pressure distribution on the flat plate was conducted during
three separate wind-tunnel tests. In the first test, the original flat plate (12D by 24D)
was mounted 3D above the tunnel floor. Results of this experiment caused doubts about
the accuracy of the measured pressures near the leading and side edges of the plate. It
was decided to repeat the test to study the effect on the pressure distribution of changing
various test conditions. The diagnostic phase of the second test included the test condi-
tions shown in table 1.



TABLE 1.- TEST CONDITIONS

H | Extensions to flat plate B%%H?V?flg:%ﬁg;glsf‘igg?n
3.0 None On
3.0 None Off
3.0 Leading edge On
3.0 Leading edge Off
4.5 | Leading edge and side On
4,5 Leading edge and side Off

The remainder of the second test was made with the plate 4.5D above the floor, all
extensions in place, and with no boundary-layer suction on the wind-tunnel floor. The
pressure distribution was measured for a range of effective jet to crossflow velocity ratios,
holding the jet Mach number constant. This was repeated for jet Mach numbers of 0,50,
0.75, and 0.93. Data for comparison with ONERA (ref. 21) were taken by matching wind-
tunnel and jet Mach numbers as well as the effective velocity ratios. For comparison
with the results of other experiments (refs. 15, 17, 18, and 23), only the effective velocity

ratios were matched.

During a third wind-tunnel test, the pressure at selected ports was measured as a
function of time for effective velocity ratios of 4 and 8 in an attempt to understand the
nature of scatter in the data of the previous tests for certain locations on the plate. This
was accomplished by sampling the output of the transducer connected to a given static
pressure port for an interval of 10 seconds at a sampling rate of 31 times per second.
The data were taken both with and without the low pass filters in the circuit. In this test,
the plate was mounted 3D above the tunnel floor and consisted of the original plate with the
leading-edge extension only. This configuration was used since the results of the diag-
nostic tests showed the leading-edge extension to be the only significant change in the
conditions.

Effective Velocity Ratio

The properties of a jet in a crossflow depend primarily on the ratio of the momentum
flux across the jet orifice to the momentum flux of the crossflow over an equal area. Itis
useful to define an effective velocity ratio as the square root of this ratio of momentum

fluxes

S‘pU dA/

\ PocUnlA

(1)



The reciprocal of equation (1) is used by some investigators and it is usually referred to
by the same name.

If the jet and crossflow fluids are the same and obey the ideal gas equation of state,
and if the speed Uj is constant across the jet orifice, then the effective velocity ratio

M;j /pj\/ . . .
may be written: R = —M—-<-—J-> . In the experiment, this equation could be used in four
o0 o0,

ways to calculate the effective velocity ratio. The first involves measurements of the
mass flow rate of the jet, the total temperature and total pressure of the jet', and the area
of the jet orifice. Using the nozzle boundary-layer displacement thickness measured with
no crossflow to give an estimate of the jet exit area Aj, the jet Mach number can be cal-
o . 9’ -3 w [RT¢ .
culated, assuming isentropic flow, from M; (1 + 0.2Mj ) = —(—7—-> . With Mj
. . | 9\-3.5

known, the jet-exit-plane pressure can be calculated from pj = pt(l + 0.2Mj ) . A
second way of using the equation for the effective velocity ratio makes use of the average
pressure measured by the jet exit ring to give the static pressure at the jet exit plane.
Isentropic expansion to this average pressure gives the jet Mach number from the relation

Tp 2/ 1/2

Mj = {5 <p—t> -1 . In reality, the pressures at the four jet-exit-ring ports differed
J

greatly and it is quéstionable whether their average pressure actually represents the jet

pressure at the exit.

If the jet static pressure at the exit plane is assumed equal to the crossflow static
pressure, the equation for the effective velocity ratio simplifies to a ratio of the jet to
crossflow Mach numbers. Additionally, if the jet and crossflow temperatures are equal,

. : . Uj . . M;j
this becomes the actual velocity ratio, R = T For use in the equation R = T the
o0 o0

jet Mach number can be calculated by two methods: using (1) the mass flow rate of the jet
or (2) the jet total pressure. The isentropic relations for these are

RT. 1/2
Mj(th) = LA<_7_1>

™

s 1/2
Mj(pg) = 5(ﬁ> -1

Differences in jet Mach number of up to 0.08 and in R of up to 14 percent are
obtained between calculations using expansion to average jet-exit-ring pressure and expan-
sion to crossflow static pressure. For presentation of results in this report the calcula-
tions are based on expansion to crossflow static pressure because of uncertainties in the
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jet exit pressures due to difficulties in their measurement. In addition, calculating R
from expansion to crossflow static pressure provides consistent comparison with data
from the other investigators who calculate their velocity ratios in a similar way.

Flat-Plate Boundary Layer

The boundary layer on the flat plate was measured at several locations along the
upstream ray from the jet for each test condition (see table 1). It was found that chang-
ing the test conditions had little effect on the behavior of the boundary layer on the plate.
There was a separation bubble at the rounded leading edge of the plate and reattachment
of the flow as a thickened turbulent boundary layer. Whether the jet was on or off did not
significantly affect the measured boundary-layer velocity profiles. The estimated dis-
placement thickness of the boundary layer at the location of the jet was 0.07D, based on
boundary-layer measurements upstream of the jet.

PRESENTATION OF RESULTS

The pressure distribution on the flat plate is presented in terms of a pressure coef-

_P - P
Qoo

the plate. Except when otherwise noted, p is the difference between the pressure meas-

ficient Cp , where p is the measured static pressure at a specific location on

M.
ured at the test condition (R = m—] and the pressure measured with the jet off (Mj = O),
and with the tunnel Mach numbereounchanged.

The results of the wind-tunnel investigation of the pressure distribution of the flat
plate are presented as follows:

Figure Table

Values of Cp forarangeof R ... .................. 4 to 11
Time variation for Cp at selected locations for R=4.1 and R=8. , 12to 16 2
Uncertainty bands for contour plots. . . . . . . . . . . . ... ... 17
Effect of changing jet Mach number holding R constant . . . . .. . .. 18
Comparison with the results of other experiments . . . ... . ... .. 19 to 23 3

RESULTS AND DISCUSSION

Pressure Distribution on the Flat Plate

Detailed descriptions of the measured pressure distribution on the flat plate are
presented in figures 4 to 11 for effective velocity ratios of 2.2, 2.8, 3.9, 5.1, 6.1, 7.0, 8.0,
and 10.0, respectively. Each figure presents the pressure distribution for one effective
velocity ratio in four different formats. Numerical values of Cp are presented in tab-
ular form in part (a). The pressure distribution as a function of radial distance from the
jet for each ray of pressure ports is shown in part (b), and in part (c) it is shown as a
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function of angular position for selected circles of pressure ports close to the jet orifice,
Part (d) shows contours of constant pressure coefficient. These Cp contour plots are
useful as a convenient means for qualitative comparisons with the results of other test
conditions or with the results of other experiments. Construction of the contour plots
involved smoothing the data from the ray and circle plots.

From these figures some observations can be made about the effect on the flat-plate
pressure distribution of changing the effective velocity ratio:

1. For all velocity ratios there is a positive pressure region upstream of the jet,
but in general, the maximum pressure attained and the extent of this region decrease with
increasing velocity ratio. This is probably due to the increased entrainment of crossflow
fluid as the relative jet velocity increases.

2. The ray plots indicate a large radial component of the pressure gradient in the
region close to and to the side of the jet. Recent analysis indicates that these gradients
may be induced by the location of the counter-rotating vortices in the vicinity of the jet.

3. From the circle plots, it is seen that the angular position of the minimum pressure
point moves upstream from about 110° for R = 2.2 to about 75° for R = 10. The value
of the minimum pressure coefficient measured on the inner circle of ports is also a func-
tion of velocity ratio and appears to reach its lowest value of about -4.7 at the velocity
ratio of 6.1. As a comparison, for potential flow over a circular cylinder the minimum
pressure coefficient occurs at 90° and has a value of -1.5.

4. In the wake region along the 180° ray, the radial component of the pressure gradi-
ent is less than it is in the region to the side of the jet. The minimum pressure coefficient
attained on this ray is about -2 for velocity ratios of 2 to 5. For velocity ratios above 5
the minimum value of C, on this ray gradually becomes less negative with increasing
velocity ratio, indicating a more rapid pressure recovery in the wake region for the larger
velocity ratios. This is consistent with the physical observation that at the lower velocity
ratios the deflected jet plume is closer to the flat plate, introducing a wake effect. At
higher velocity ratios, the plume will be higher and the wake effect therefore less apparent.

5. An interesting behavior of the pressure distribution along the rays from 160° to
180° is noted for R 2 4. There appears to be a small region close to and in the wake of
the jet where a flat spot (very small radial component of the pressure gradient) or, perhaps
even a hook, in the ray plot occurs. This behavior, however, is masked by the relatively
large scatter of the data in the wake region.

6. An anomaly in the pressure distribution in the wake occurs for a velocity ratio of
3.9. The minimum pressures along the 170° and 180° rays, for example, are lower than
the corresponding pressures for all other velocity ratios. The implication of this behavior
is that there is a slower pressure recovery in the wake region for a velocity ratio of 4
than for the other velocity ratios.

| o .



7. For circles of pressure ports near the jet orifice, the value of Cp at a given
angular position in the left half-plane (-6) is consistently more negative than the value for
the symmetry point in the right half-plane (+8). This is due to misalinement between the
nozzle and flat plate. The nozzle was displaced 0.02D in the negative Y-direction with
respect to the point of intersection of the rays of pressure ports.

Most of the effects described above are also evident in the Cp contour plots. For
example, the slow pressure recovery in the wake region is described by contours that
extend far downstream before intersecting the X-axis, whereas a more rapid pressure
recovery is described by these same contours intersecting the X-axis much closer to the
jet. It is also noted that the lobe of each contour appears to be swept back more for lower
velocity ratios. Thus, the direction of maximum influence of the pressure field is a func-
tion of the velocity ratio.

The pressures at selected locations on the flat plate were also measured as a func-
tion of time for effective velocity ratios of 4.1 and 8. This was accomplished by sampling
the output of the pressure transducer connected to a given port for approximately 10 sec-
onds at a sampling rate of 31 times per second. These measurements were taken with the
output of the pressure transducer filtered by a low pass filter and, also, unfiltered. For
the latter case, the amplitude of pressure fluctuations with a frequency above about 15 cps
should have been attenuated in the tubing connecting the static pressure port on the flat
plate to the transducers. For the results of both cases, it is convenient to write the pres-
sure coefficient at a given time as the sum of an average value over the time interval,
of measurement and a fluctuation about this average value; Cp = Ep + Cb where

n
Ep = 'rlf Z Cpi’ and where n is the total number of times the pressure Cpi at the port

i=1
was measured. For this phase of the experiment, the jet-off pressures were not adequately

measured so the values of p are not corrected for the jet-off condition but are instead
referenced to free-stream pressure. The standard deviation of the fluctuations of the
pressure coefficient about its mean value is also calculated:

Results of these calculations are presented in table 2 and in figures 12 to 15. Fig-
ure 12 shows the time variation of the pressure coefficient for selected pressure ports for
an effective velocity ratio of 4.1 and for the output of the pressure transducer filtered.
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TABLE 2.- PRESSURE -COEFFICIENT STANDARD DEVIATIONS

o o -I_"z"éssﬁ'ré ;Eéeffic{éﬁi étﬁhdard deviations at 6 of —
r D B R e - ———
/ 60° | 75° | 90° | 105° | 120° | 135° | 150° | 160° | 170° | 180° | -170°
B R=:11, M] = 048, p;;é;sure-transducer output filtered
"0.58 [ 0.07] 0.09 |0.12 | 0.21 [0.22 |o0.12 [0.16 | 0.16 [ 0.12 | 0.11
.66 .07 .10 17 .18 12 14 14 11 .09 | 0.12
.70 .05 .09 .14 .13 .09 11 A1 .08 .07 11
.80 .05 .06 .09 .09 .09 11 A1 .09 .09
1.20 .02 .03 .05 .06 .06 | .08 .09 .09 12
2.50 .01 .01 .01 .02 .03 | .03 .05 .07 .06 .06
3.75 .00 .01 .01 .01 .02 .02 .03 .06 .09 .06
R=4.1 M= 0.48; pressure-transducer output unfiltered
0.58 | 0.45] 0.72 [ 1.31 [2.53 | 2.35 | 1.75 | 1.95 | 1.35 | 0.85 | 0.70
.66 60 [1.12 | 1.96 | 2.02 |1.54 | 1.57 | 1.25 .15 59 | 0.78
.70 .58 | 1.04 | 1.72 | 1.94 |1.54 | 1.60 | 1.26 .86 13 .93
.80 44 82 [1.33 | 170 | 1.40 | 1.29 | 1.17 .18 .81
1.20 .20 | .37 .51 MK 14 1 .82 .10
2.50 .04 .06 .07 12 .19 .22 .34 .46 .49
3.75 .02 .03 .03 .04 .07 .10 .16 .30 .46 .43
R = 8.0; M]-”=ﬁ0.93; pressure-transducer output filtered
"0.62 | 0.13] 0.18 [0.26 [ 0.33 [ 0.24 [ 0.20 ] 0.16 | 0.12 | 0.09 | 0.09
.66 12 .19 .25 .18 .15 .14 .10 .08 .07 | 0.09
.70 11 .17 .22 .16 .14 12 .09 .07 .07 .09
.80 .10 .15 .18 .15 .13 12 .09 .07 .06 .08
1.00 .06 .08 .09 .09 .06 .07 .05 .04 .04 .05
2.00 .01 .02 .02 .02 .03 .04 .04 .03
2.50 .01 .01 .01 .01 .01 .01 .02 .02 .03
5.00 .01 .01 .01 .01 .01 .01 .01 .02 .02
R = 8.0; Mj = 0.93; pressure-transducer output unfiltered
1.00 053 |lona 092 | 065 [0.55 | 0.59 | 0.48 | 0.36 | 0.25 | 0.24
2.00 .24 .33 .40 .40 .37 .53 41 27 .25 .31
3.50 .07 .13 .10 .14 .15 .20 21 .22 .44 .46
5.00 .03 .08 .05 .07 .10 12 .14 .14 .14
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Results are shown for circles of pressure ports close to the jet orifice and for pressure
ports on rays of 105° and 170°. For the circles of ports close to the jet the maximum
standard deviations occur at an angular location of 1050, which coincides with the location
of the point of minimum pressure (see fig. 6(c)). However, the standard deviation of the
fluctuations decreases more rapidly with the distance along the 105° ray than along the
170° ray. Thus, for values of r/D greater than about 1, the maximum fluctuations occur
in the wake region.

Results for the same test conditions, but with the low pass filters removed from the
circuit, are shown in figure 13. The standard deviations of the fluctuations in the measured
pressure are an order of magnitude greater, and higher frequencies are recorded, but the
qualitative observations made for figure 12 are applicable. Results for R =8 are shown
in figures 14 and 15. It appears that the fluctuations in Cp for R =8 are greater than
those for R =4 in the region 60° to 105° but are less than those for R =4 in the wake
region. These differences indicate that the distribution of turbulence on the plate is a
function of effective velocity ratio.

The response of the pressure transducers connected to the static pressure ports on
the jet exit ring indicate that the flow in the jet near the orifice had a relatively low level
of turbulence as was expected. The fluctuations in the pressures measured on the jet exit
ring were about three orders of magnitude smaller than those in the pressures measured

on the plate near the orifice.

Although it was not the intent of this experiment to study the turbulent fluctuations of
the pressure distributions on the flat plate, some feeling for the extent of the high turbu-
lence region around the jet and a rough estimate of the turbulent intensities can be obtained
from the values of o listed in table 2. Contours of constant ¢ are plotted in figure 16
for velocity ratios of 4.1 and 8.0. Note that near the jet orifice, the shapes of these con-
tours are similar to the shapes of the respective pressure contours. Since each data point
for figures 4 to 11 represents a single random sample of the pressure-transducer output,
the distribution of o on the flat plate when the low pass filters are in the circuit is a
measure of the distribution of uncertainty in the pressure coefficient. The large values
of o near the jet and in the wake help explain the scatter in the data for these regions.

While the Cp contour plots are the most convenient means of comparing one meas-
ured pressure distribution with another, care must be taken to recognize the effect of a
given uncertainty in Cp on the location of each contour. If, for a given position on the
flat plate, the pressure coefficient has an uncertainty of +ACp, then there is a correspond-
ing uncertainty +As in the location of the contour passing through that point. This uncer-
tainty is given by As = ACp/ l grad Cp| . Calculation of the uncertainty band width (2 As)
for a contour thus requires a knowledge of the gradient of the pressure distribution at that
point. From values of ¢ in table 2 and the measured pressure distribution for R = 3.9
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from figure 6 the shaded uncertainty bands shown in figure 17(a) have been constructed.
Note that the uncertainty bands become larger as the absolute magnitude of the pressure
coefficient decreases; this is because the pressure gradient is decreasing with distance
from the jet more rapidly than o. Since no measurements of the pressure fluctuations
were made for 6 <75° no estimate of the uncertainty bands from fluctuations in Cp
could be made in this region.

Another source of positional uncertainty in the Cp contours would be inherent
errors in the pressure transducers themselves. Although this type of error would be
difficult to estimate accurately, a realistic value would be 0.5 percent of full-scale deflec-
tion. Such an error would resultf in the uncertainty bands shown in figure 17(b) for the
same test conditions as those shown in figure 17(a). For this case of a constant uncertainty
ACp, the bandwidth at any location of the contour is determined solely by the magnitude
of the gradient of Cp at that location. The extreme width of the uncertainty bands for
the contours -0.1, 0.0, and +0.1 except in the region near the jet indicates that using these
contours to compare two separately determined pressure distributions could be misleading.

The Cp contours shown in figure 17 represent three different determinations of the
pressure distribution at the same jet and free-stream Mach numbers for the last three
test conditions listed in table 1. The differences appear not to be significant. Although
not shown here, the differences in the pressure distributions for the first three conditions
of table 1 indicated that the leading-edge extension was needed. It appears that the lead-
ing edge needs to be 8D to 10D upstream of the jet exit to obtain stable boundary-layer
conditions in the region of interest. Therefore, all the data presented in this report was
taken with the leading-edge extension added to the flat plate. The effects on the pressure
distribution of changing the jet Mach number while holding the effective velocity ratio
constant are shown in figure 18 for effective velocity ratios of 4, 5, 6, 7, 8, and 10. Using
figure 17 as a guide for the uncertainties in contour locations, it is concluded that within
the 0.45 to 0.95 range of jet Mach number studied this effect is small compared to the
effect of changing the effective velocity ratio except in the wake of the jet. Note that the
anomaly of relatively slow pressure recovery in the wake for R=4.0 and Mj =0.75
is supported by the results for R =4.0 and M;= 0.44.

Comparisons With the Results of Other Experiments

Comparisons of the results of the present experiment with those of several other
experiments are provided in this section. These comparisons are made with Cp contour
plots in figures 19 to 23. Table 3 provides a summary of the test conditions for each
experiment.
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TABLE 3.- TEST CONDITIONS FOR VARIOUS EXPERIMENTS

Experiment Jet diameter Test-section Flat-plate Tunnel speed Nge
em in. size dimensions m/sec ft/sec (U,D/v,)
Soullier (ref. 21) 12.0 4.7 43D X 63D 21D x 21D 30 to 90 98.4 to 295 (24 to 72) x 104
Present study 10.2 4.0 44D X 65D 24D X 27D 23 to 62 75.5 to 203.4 (16 to 42) x 104
Mosher (ref. 28) 5.1 2.0 54D (circular) 24D x 33D 15 49 5.1 % 104
Vogler (ref, 17) 2.5 .98 84D x 144D 24D X 40D 93 305 15 % 104
Bradbury (ref. 18) 2.5 .98 102D x 138D 72D x 84D 18 59 3.0 x 104
Thompson (ref. 15) 2.5 .98 48D X 60D Tunnel floor* 12 39 2.0 x 10 |
Ousterhout (ref. 23) 1.0 .39 75D X 107D 69D X 96D 28 91.9 1.8 x 104

*Applied wind-tunnel boundary-layer suction.

The experiment chosen for the most extensive comparison was conducted by
A. Soullier (ref. 21) at ONERA. As seen from table 3, the test conditions for this experi-
ment are quite similar to those of the present study. . Both effective velocity ratio and
free-stream Mach number were matched for each comparison. Figure 19 presents the
results. Although some of the low magnitude Cp contours (0.1 and +0.2) are as much
as 1D apart, from the foregoing discussion it is believed that this behavior is not signif-
icant. Agreement between the contours for the larger values of Cp is fairly good, but
sometimes there are significant though not drastic differences, for example, the differ-

ences shown in figure 19(a) for Cp = -1.0.

Figures 20 to 23 compare the results of the present study with those of the other
experiments listed in table 3. For these comparisons effective velocity ratios were
matched, but crossflow velocities were not matched. Agreement among the contour plots
of Mosher (fig. 20), Thompson (fig. 21), Bradbury and Wood (fig. 21), Vogler (fig. 22), and
the present study is fairly good, but for some contours there are discrepancies which
would seem to exceed the experimental errors. For example, for R =4 the contour
indicates a more rapid pressure recovery in the wake for the results of Thompson and of
Bradbury and Wood than for the results of Soullier, Mosher (ref. 28), and the present study.
Agreement with the results of OQusterhout is not good (see fig. 23), particularly for the
effective velocity ratio of 3.3. In this case, the results of Ousterhout represent a signif-
icantly more rapid pressure recovery in the wake and also a significant change in the shape
of the contours to the side of the jet. The reasons for this are not presently known.

An order-of -magnitude range in both jet diameter and Reynolds number is seen
among the experiments shown in table 3. The comparisons between the pressure distri-
butions from the various experimenters indicate that the effect of jet diameter is small
when distances are nondimensionalized with the jet diameter. Over the range of Reynolds
number used in the experiments, this parameter also appears to have a small effect.
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CONCLUSIONS

The results of a wind-tunnel investigation dbf the turbulent flow of a round subsonic
jet of air exhausting perpendicularly through a flat plate into an essentially incompressible
subsonic crossflow indicate the following conclusions about the static pressure distribution
on the flat plate:

1. The dominant flow parameter for describing the pressure distribution on the plate
is the effective velocity ratio. In particular, when distances are based on jet diameters,
the pressure distribution does not appear to depend strongly on the jet size for jets up to
12 em (5 in.) in diameter or on the jet Mach number. There do appear to be small but
significant differences in the results of the experiments presented in this report. The
parameters causing these secondary effects have not been identified.

2. There are regions of intense turbulence on the plate close to the jet orifice. For
an effective velocity ratio of 4 the most severe turbulence is encountered at the point of
minimum pressure. The intensity of the turbulence decays rapidly with distance to the
side of the jet but persiéts farther into the wake region. The distribution of turbulence on
the plate also appears to be a strong function of effective velocity ratio.

3. Some caution must be used when comparing flat-plate pressure distributions on
the basis of contours of constant pressure coefficient. In regions of low pressure gradi-
ents, differences on the order of a jet diameter between contours are not unlikely even for
the same test conditions.

Langley Research Center,

National Aeronautics and Space Administration,
Hampton, Va., March 31, 1975,
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Figure 3.- View of flat plate in V/STOL tunnel showing jet orifice.
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Figure 6.- Pressure distribution on flat plate. R = 3.9;

M] = 0.75.
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(a) Cp values.
Figure 7.- Pressure distribution on flat plate. R = 5.1;
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(a) Cp values.
Figure 8.- Pressure distribution on flat plate. R=6.1; Mj= 0.94.
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Figure 8.- Continued.
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NG .50 Y, .60 .70 .75 .80 .90 1.00 1.20 1.40 1.40 1.80 2.00
(deg)
Q o7 ha «39 <31 .24 29 <18 12 .0l -.04 -.07 -.08 --09
19 Y .27 .28 .20 .18 020 .12 .06 -.02 -.06 -.09 -.10 -.10
22 ~.08 ~.04 -.03 -.04 -.03 .0l -.05 -.08 -.13 -.l4 -.15 -ol4 -.14
32 - b4 -.75 .48 -.51 —h2 -39 -.29 -.30 -.21 -.29 -.26 - 22 -.21
49 -Z.04 ~-l.7L -1.49 -1.42 ~-l.32 —a 906 -.82 ~a T4 ~e59 -«50 -e43 -«38 -32
50 -3.1l0 ~2.U8 ~2.51 -2.25 -2.00 -l.74 -1.45 -l.1l6 ~.88 -.15 ~eb2 -e57 -a47
Ty -3a )4 -3.40 -2.98 -2.70 —2.44% -2.25 -1.90 -l.065 -1.31 -+93 -.85 ~e 76 ~-e65
E1v] ~ 3.2V ~3.02 -3.48 - 3,35 ~2.07 -2.40 -2.23 -l.79 -1l.44 -1.19 -1.04 -.80 -.70
139 -5a17 -3,01 -2.38 -2.38 =-2.52 -2.43 -1.77 -1.71 -1.40 -1.08 -1.00 -.91 -.T8
129 272 =2418 =242l =2.06 =l.83 =1.87 -1.69 =-1.30 ~-l.21 -.89 -.79 -.69 ~.66
135 =210 -1l.497 -1.81 -1.67 -l.62 -1.53 -1+30 -1l.22 ~«84% -.70 -.63 -e62 -4l
150 —lelU —1e8d —1.60  =i.74  =le49 =1.25 =1.23 =1l.15 -.79 -.65 ~.52 - 49 -<40
169 1.o4%0 =153  =1.62  =1.5% =1.47 =1.35 =1l.17 -.86 -.67 -.52 - 40 -.35 -.31
170 “1.26 -1.31  -1.43 =1.47 —1.43 =-l.24 =1.09 -.92 -.63 -.53 -6l -.36 - .34
189 —1.27 =~1.33  -1.,38 -1l.43 =1.35 ~-l.30 ~l.l6 -.91 -.65 -.52 -4l -.35 -a29
-17u -le3> ~leal -1l.45 ~1.4%5 —-l«306 ~le22 -1.08 -«95 -«606 —%49 -.40 -« 35 - 25
-129 -2.23 -2.15 -1.88 -1.36 -.98 -.85
-9G -3.97 ~3.09 -2.86 -1.93 -1.28 -.895
-6y -2.6% -2.9G -1.66 -1.21 -.73 -e56
-30 -39 -.23 -.10 ~.19 -.20 -.19
-10 Y 30 .30 .32 .29 .23 .17 .09 -.0l -.05 -.08 -.10 -.11
oN\'/0 £e25 2450 2,75 3.00 3425 3.50  3.75  4.00  4.50  5.00  5.50  6.00  7.00
(deg)
g -eJY -eU9 -.08 -.0% -.07 -.07 -e006 -e07 -.06 -.03 -« 02
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2V -el3 -.12 .12 -. 11 -a19 ~-.09 -.07 -+.09 -.07 ~.04 -.05
30 -1y -.l6 -.15 -.14 -.12 -.l1 -.10 -.09 -.03 -.05 -.06 .0l
&5 -2y -.25 -.22 .19 -.17 -olo -.l4 -.13 -.10 -.09 -.08 -. 0% -.05
60 -th -a30 -.32 -.28 -.20 -.22 -.20 -.16 -.12 -.11 -.10 -.06
75 -o50 N -e43 -.36 -.30 -.28 -.20 -.29 -alé -.l6 -.13 -.09
99 ~.03 -.50 -.49 -.43 -.33 ~.32 -.31 -.25 -.23 -.19 -.16
105 ~euvb —.57 —e48 -e%3 -.40 ~-.38 .33 -e29 -e24 -.21 -.18 -.14
120 “eD4 -+ 50 - b4 -.33 -e35 ~e35 ~e29 —e20 -e22 -.21 -+ 16 -.12
135 -4l -.30 - 34 -.26 -.28 -.21 -.21 -elo ~ol4 -.13 -.13 -.08 -.09
150 -.20 -.26 -.19 -.16 -.13 -.10 -.10 -.08 -.04 -.05 -.05
160 | 24 -.17 -.22 -.15 ~.l4 -.07 -.08 -.05 -.06 -.05 -.04
170 | -.25 -.23 -.18 -.l6 -.15 .11 -.08 -.07 ~.07 -.01 -.04
18V | -2y -.21 -.21 -.15 -. 10 -.11 -.13 -.09 -.08 -.07 - 04 ~-.09 -.08
=170 | ~e25 ~-«23 -.20 -.17 .12 -0 -ell —e03 ~e VU9 ~.03
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-60 | -4 -.32 ~e2% -.20
-3 | -.17 -.15 -.12 -.10
-19 | -.1l9 -.09 - U9 -.03 -.08 -.07 ~.08 -.07 -.04 -.04

(a) Cp values.

Figure 9.- Pressure distribution on flat plate. R =7.0; M;= 0.94.
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Figure 9.- Continued.

47



48

o RIGHT HALF-PLANE (B
s LEFT HALF-PLANE (-8

)
]

or—1 loooéoooé o & o © o 1 oooofooomoookp o O
-1 oo®® o o
(o] O
P 8=105° oL ® B=150°
®
[:P—3_ b4 -3
_L}—
_5—
-6L 0 T FoOUP O O]
00 000
-1 OOO
C (o] .
" o ¥ 8=160°
o 0;002)@00& °odo® -3
-1 a
QO
ol & B=120°
Ce | o
_.L}—
=50
° | ooclaoooéoood’ o s o
_1 ®
_ o
c -2 § 8=135 0 500000007 T ¥ OO
P O
-3k 1 Ooo
Cr | & o
e > 6=180
-5 ! 1 ! ] ! ] -3 l ! N |
0 1 2 3 4 5 &8 0 1 2 3 4 6
r/D r/D

{b) Concluded.
Figure 9.- Continued.



o RIGHT HALF-PLANE [8

)
a |LEFT HALF-PLANE (-8)

t r/D=.58 1 r/D=.70
8 $ 8 _
O I(DI T I—I T T I T T I T T I T l‘ O IWAI T I T T I T T l T T I T T I
o (o]
_1— a o _1_
0o CP o o Oooo
C -2 o o -2 5 )
P
-3 o o e -3+ e o
4l ° -4
-5
-6L i\
r/D=.75
o8
I\UI T T l T T | T T I T T I T T I
o]
i N
A r/0=.62 Cp o o 0080
O IWAI LN LI A [N A S B B B B B B _2_ o ©
°© , o
_1— ° _3_
Qo
o]
CP—E— ° s © ° -4L
A
-3+ o o
° o]
_Ll_ Jay —
il r/D=.80
— (<)
oL O‘rQTr‘rj—r"rllr||1|||
o]
Co-1r ° ©0%o
-2 e o
i r/D=.66 ° o o
] -3 Py
O T Tt T [ o] | —
-1
(o]
Ce-2F ) 000" -
P o ° ! r/B=1.00
_3— [} o} O$w||l||||||||||nl
0 o &
Y -1+ a a O oono
—5||||||v|||||||'||1| —2ll|||lxojmlol|||lllJ
0 30 60 SO0 120 150 180 0 30 680 9390 120 150 180
B ( DEGREES) O ( DEGREES)

(c) Pressure distribution on circles.
Figure 9.- Continued.
49



0¢

6
I
R =70
S | _—— "oz M;=0.94
sl .
-0l L — 03
-o!
| ————-0.4
YD 3
L -05
‘ L — -06
| -0.7
2| -08
09 '
L-1.0
- -1.5
F 20
AN
0 ] 1 [ | P2 ' ] ] ]
-4 -3 -2 -1 0 1 2 3 4

X/D
(d) Contours of constant C,,.
Figure 9.- Concluded.



P o= e

s

r
AN .59 .02 .ub .70 .75 .80 .90 1.00 1.20 1.40 1.60 1.80 2.00
(deg) o
0| W47 e .40 .30 27 .22 .4 .06 -.04  -.08 Y -l -.13
10 | .29 .34 .24 .20 W14 W12 .07 .00 -.206 -.12 -4 -.15 -.14
20 -.lo 07 -.03 -.1l6 -.07  -.10  -.08 —ul4 -.15 -9 ~.20 -.20 -.20
30 | -.82 -.6l -.50 -.51 - .45 -.50 -.38 -.33 -.33 036 -.32 -.26 -.25
@5 =2.24  =leod  -l.42  -1.22 -1.35  -.9» -.80 .76 -.54 ~ub8  ~.45 -2 -.38
60 —2.39 2443 =2.31  =2.13  =2.13 -1.63 —~1.42 ~l.lo -.95 746 -.12 -.62 -.53
75 “3.48 =293 =277 —2.46  =2.22  =2.22  ~1.9% -l.o4l ~—1.23 -.96  -.81 -.73 -.72
30 “3.83 =2.89  =2.66 =2.43 —=2.43 =2.21 ~l.88 ~l.56 ~-l.31 -1.02 -e92 -84 -.T1
105 “2.84  =2.54  =2.30  =2.50 =2,02 -l.96 ~l.8l ~1.43 -l.11 -1.09  =.90 -.93 -.67
12y “1e9l =153 =184  -lua43  -1.80 -1.49 ~1.70 =lo.l6  =.30 =67  =-.0l -.6l -.62
135 1459 -1e69  —1a60  -Lle56  =—la24 —le4l =1.05 =li.l6 —eT2  —.03 =449 —.49 -.38
150 ~1.47 -leTo  -lu6l -1.58 =1.20 -1.09 =1.03 -.95 .74  -.53 49 —.40 -.130
160 “lel4  -Lle3o  -1a43  -le3l  -1.19  -lol0 =~1.02 -.78 54 —.42  =,31 -.35 -.26
17¢ “1el?  -le2+  —lol8  -1.20 =1lu14 ~—l.l4 -.94 -.79  -.56 -.%3  ~.38 .27 -.19
180 —1.07  =1.22  -1.1Y  -l.2l  -l.17  -l.ls -.93 -.81 .56 —.46 —.36  =.29 -.27
-170 “1e24  -lell  —-1el8 -1.29 =-l.22 =l.21 -.94 -.76 -.55 37 -.32 .30 -.30
-120 -2.05 -1.65 ~1.54 -1.07 -.94 -.66
-90 -3.41 -3.31 -2.76 “1.74 -1.18 -.90
-6v -2.30 —2.00 —l.54 -1.05 -.72 -.56
-39 -.35 -.23 -.22 -.26 -.22 -.25
-10 V406 .39 .30 .28 .24 .18 L1l .0l .05  -.10  -.13 -.13 -.15
IERNG 2425 2.0 2.75 3,00 3.25 3.50 3.75 4.00 5,50  5.00 5.50 6.00 7.00
(deg)
. L
0 -uL3 -3 -.12 -1l ~.10 .10 -.09 -.10  -.07 ~e06  =~.05
10 - 1% -.l4 -.13 -.12 -.12 -1l -.10 -e13  -.07 -.06 =-.05
20 | -.13 —vlo -7 ~ 14 ~.13  =-.12 -.11 -.11 -.06 -.07 -.07
30 -.21 -2l -.18 ~.13 ~ulé —ul& =a13 -2 -.07 -.08  ~.08  -.07
4 -a34 -.28  —.28 -.24 -.21 —el8  -.17 -.15 -.10 -1l .10  -.09 -.01
62 - .47 -4)  -.35 -032  =.30 -.21 -.23 .19 . -.l1 —ele -al12 -.10
75 -.50 —4d  —.h3 ~a40  ~.35  -.31 -.28 -.20 24 -.13 -.15 -.13
90 -.53 .54 —.49 ~o 48 ~.39  -.37 -.32 -.217 -e25  -.22  -.17
105 -.59 .54 —.43 -4l .42 =39 -.3] —e29  -.25  =.22  -.20 -~.l16
120 es —eu2 -.36 -.30 .34 -.32 .28 -.22 -.22 -2l = 17 ~.1b
135 -3 .27 -.30 ~.24 ~.25  -.22 -7 -.ib -.16 -a12 -.1l -.08  -.08
150 -.20 -.20 -.15 o lT  =a13  -.l4 -.07 .07  —.04  -.04  -.06
160 -.24 -.17 -.19 -~ 14 ~.08 -.08 -.08 07  ~=.04  =-.03  -.0l
170 -.25 -old 17 -.20 -.1l -.09  -.0d -.04 -.06 -.04  -.02
180 -.20 .20 -.18 ~.16 ~.16 -1l -.08 -.09 -.16  -.03  -.02 - 06 .01
-170 -.23 -2 -.17 ~ul9 ~.08  -.13 -.10 -.06 .01 -.02
-123 -.47 -.48 ~.41 -.24
-90 -e03 -.54 ~.43 -.34
-60 -4 - .36 -.24 -.24
-30 -.20 -.19 ~.15 -.l4
-10 -.13 -.13 -.12 12 -.12 -.10 -1l -.09  -.05  -.05

(a) Cp values.
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Figure 10.- Pressure distribution on flat plate. R = 8.0; Mj = 0.93.
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Figure 10.- Continued.
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r/D
N .53 62 .66 .70 W7o .80 .90 1.90 1.20 1.40 1.60 1.80 2.00
(deg)
b o4l .49 .34 .26 .21 .19 .09 .ol -.09 -.14 - 17 -.18 -7
10 W27 .22 .25 .lo .08 .06 -.01 -.07 -.10 -.13 -.19 -.19 ~-o17
20 -1y L0l -3 o l3 .17 -.1v -.16 -.20 -.23 -.22 -.23 -.21 -.24
30 -.70 -ab3 .54 - 35 -.39 -.39 -.32 -.37 ~.31 -.35 ~.33 -.28 -.29
45 1469  ~l.3+ =1.33 -l.34 ~=l.l6 -.90 -.73 -.75 -.61 -.45 -.47 -. 40 -o42
) 2449 =2.35 =2.06  =1.92 -l.40 =l.47 ~l.lo =-1.23 -.82 -.75 -.63 -.52 ~<5%
75 3413 =274 =2.74  =2.09 =2.11 -1.68 =l.40 -1.25 ~-1.00 —-.82 -.61 -.73 -.59
99 2,78 =2.8> =2.28  =2.32 =1.95 =l.oT7 ~=1.75 -—1.36 -.94 -.89 ~.79 -.73 -.57
105 2.0 =2.03  =2.03 —le54 =1453 =1.56 =l.35 ~1.06 -.95 -.61 -.73 .72 ~ <60
129 —Le8L  ~le37  =1.22 ~l.43 —eY7  =1.30 ~-1.31 .91 -.74 -.75 -6 -.52 -.38
135 o5 m1e27  =1.25 =lalb6  =ledo =-1.09 ~-1l.06 -.39 -.63 -.55 -e%0 -.30 -.25
150 ~ledd -.96  =1.28 -l.l6 =-1.05 -.71 -.76 -.70 -.50 -.42 ~e32 -.28 -.23
1ov .83 ~1l17 98 -.85 -l.01 - B4 -.606 ~Jh4 -236 -.32 -.22 -.22 -.19
170 - 37 -.97 -1.01 -.85 -.93 -.83 -.73 -.50 -.34 -.31 -.21 -.19 -7
18v -84 -.93 T -e96  -1.00 -.91 -.74 ~.54 -.40 -.33 -.23 -.18 -.13
-170 1.1 ~ .90 -.98  -1.03 -ey7 ~.89 -e82 -.04 -.39 -.30 -.28 -.16 -.17
129 -1.75 -1.43 -1.70 ~1.09 - 17 -.70
-90 - 53420 -2.7¢ -2.19 -1le43 -.97 -.69
-50 -2.80 -1.99 -1.61 ~1.02 -.59 -.56
-30 -.34 -.35 -.30 -.34 -.32 -.28
-Ls W39 .31 27 25 .19 .13 <06 .00 -.10 -.15 -.13 —al7 -.21
r/D i
(zeg) 2429 2.59 2.75 3.00 3.25 3.50 31.75 4,00 4.5V 5.00 5450 6400 7.00
O -l -.ly -.18 -.16 -. 14 ~.l4 - l4 -.32 -.09 -.10 -.10
12 -.21 -.20 -.16 -.13 -.17 .14 -.15 -.31 -.10 -.l1 -.09
20 -.23 -.23 -.20 - -.17 -.16 -.15 -.29 -.11 -1 -.10
1) -.28 -ol4 -.22 -.23 -.20 ~.20 -.19 -.29 -.12 -.12 ~-.l1 -.08
45 ~e30 -<30 -.30 -.29 -.27 -.24 -.23 -.28 -.1l4 -.16 ~.12 -.09 -.0l
60 -4 -.43 -.31 -.32 -.31 -.26 -.27 -.23 -.19 -.17 -.15 -.14
75 ~o4d .50 -.42 -.33 -.33 -.31 -.30 -.29 -.21 -.21 -.18 -.16
90 ~.54 a9 - .45 - 34 -.39 - 40 -.35 -.29 -.21 -.21 -.20
10% ~454 -.51 ~.38 -4l -.32 -.29 -.27 -.30 -.21 -.20 -.17 -.18
120 - -.30 -.33 -.29 -.25 -.28 -.24 -.29 -.19 -.lo ~.1l4 -.11
139 -.25 .20 -.16 -.19 -.16 -.15 -.12 -.10 -.00 ~.09 -.07 ! -.06
L5u -.29 - 10 -.17 -.09 -.10 ~.l4 -.07 =08 ~.04 ~-.03 -.00
lou ~ela -.15 -.13 -.12 -.10 -.12 -.10 -.10 -.02 -.01 -.01
170 -1y -.lo -.11 -.12 -.04 -.04 -.03 -.08 .01 -.04 -.01
180 -.13 -0y -.12 -.07 -.13 -.11 -.l4 -.05 -.01 -.06 -.06 ~.03 «00
-17u -.l4 -.21 -.03 -.15 ~.07 -.11 -.03 -.09 .04 -.02
-120 - o35 -.36 -.34 -.29
-90 -.59 -5 -.39 -.43
-60 -4 ~.39 -.35 -.40
-30 20 —e24 ~.20 -.35
-10 ~oly -.19 -7 -17 -.16 -.16 -.33 ~ol2 ¢+ =05 -.09

Figure 11.- Pressure distribution on flat plate. R = 10.0;

(a) Cp values.




o RIGHT HALF-PLANE (8)
a LEFT HALF~-PLANE (-8)

1( B=0° 1 B=60°
[: 0 % | | 1] 1 0 ] L | ]
P L 06606060000, © O O goao0Qo © © O ©
OQOOO
)
-1 CP—l_ (80
2
-2 8
s &
. B=10° -
CP 0 Ioocécogéﬂ_c_l
-1
an p="75°
0 N R 1 1 |
400000000 © © °°
1 §=20° 0%
= -1 s}
Ce 0 ; mxgoooéoooé oo Ce

-1

&
o
@
o
o]

I
W
7 7

1( 8=30°
0 | | | |

o~

O O O
[:P geoeooogonooogo
- o B=90°
_o 0 ] | I R R
00000008° °e°
_1% o@oe
&
-2k &
Ce -
I B-us° S s
1 | | | | l _ul
C 0 060000000000 © © © *
b & 5t
s
-2L_° l | | ! | -6 [ B L1 1
0 1 2 3 4 5 B 0 1 e 3 4 5 6
r/D r/0

(b) Pressure distribution on rays.

Figure 11.- Continued.
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Figure 12.- Time variation of Cp with pressure-transducer output filtered.
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Figure 14.- Time variation of Cp with pressure-transducer output filtered.
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Figure 19.- Comparison with Soullier (ref. 21).
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Figure 20.- Comparison with Mosher (ref. 28).
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Figure 21.- Comparison with Thompson (ref. 15) and with Bradbury and Wood (ref. 18).
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